This paper reviews the research findings regarding the force and length changes of the muscle-tendon complex during dynamic human movements, especially those using ultrasonography and computer simulation. The use of ultrasonography demonstrated that the tendinous structures of the muscle-tendon complex are compliant enough to infl uence the biomechanical behavior (length change, shortening velocity, and so on) of fascicles substantially. It was discussed that the fascicles are a force generator rather than a work generator; the tendinous structures function not only as an energy re-distributor but also as a power amplifi er, and the interaction between fascicles and tendinous structures is essential for generating higher joint power outputs during the late pushoff phase in human vertical jumping. This phenomenon could be explained based on the force-length/velocity relationships of each element (contractile and series elastic elements) in the muscle-tendon complex during movements. Through computer simulation using a Hill-type muscle-tendon complex model, the benefi t of making a countermovement was examined in relation to the compliance of the muscletendon complex and the length ratio between the contractile and series elastic elements. Also, the integral roles of the series elastic element were simulated in a cyclic human heel-raise exercise. It was suggested that the storage and reutilization of elastic energy by the tendinous structures play an important role in enhancing work output and movement effi ciency in many sorts of human movements.
Most dynamic human movements in sports activities involve a countermovement where an agonist muscle contracts after being stretched in an eccentric movement phase, which is usually defi ned as a stretch-shortening cycle (Fukashiro & Komi, 1987; Norman & Komi, 1979) . In a stretchshortening cycle, the viscoelastic characteristics of the muscle-tendon complex play an important role in enhancing both the effectiveness and effi ciency of human performance. Of particular importance is the ability of these tissues to store energy when deformed (stretched) by external force and to recoil after being stretched (Huijing, 1992; Komi, 1984) . In simulated vertical jumping motions, the jumping height was changed in association with the change in the Achilles tendon stiffness (Bobbert, 2001) . While simulation studies have discussed the importance of the stretch shortening cycle, a more detailed quantifi cation of the tendon and muscle characteristics in vivo is needed in order to estimate the contribution of stored elastic energy during dynamic movements (Bobbert, Huijing, & van Ingen Schenau, 1986a , 1986b .
Although neither muscle nor tendon behaves as a perfect spring, both possess mechanical properties that can be described by relatively simple elastic models. Elasticity in an isolated muscle or tendon has been estimated mainly by the following methods: the quick release method (Huxley & Simmons, 1971) , the α method (Morgan, 1977) , and the spindle null-point method (Rack & Westbury, 1984) . A general stress-strain relationship for tendons has usually been modeled using a quadratic function (Woo, 1981) . While much of the published research has used animal models or data from cadavers, these conditions make it diffi cult to estimate living human skeletal muscle and tendon elasticity.
The studies that have endeavored to characterize the viscoelastic properties of in vivo muscle-tendon complex in humans have used several methods: the quick release method (Pousson, van Hoecke, & Goubel, 1990) , the impulse response or free vibration technique (Aruin & Zatsiorsky, 1984; Cavagna, 1970; Fukashiro, Noda, & Shibayama, 2001; Hunter & Kearney, 1982 Lafortune, Henning, & Lake, 1996; Shorten, 1987) , and the ultrasound method (Fukashiro, Ito, Ichinose, Kawakami, & Fukunaga, 1995a) . The mechanical parameters such as tendon compliance, estimated from mechanical models and human cadavers and/or animal experiments, have provided slightly different values compared to live human studies (Kurokawa, Fukunaga, & Fukashiro, 2001) .
For evaluating the behavior of the muscletendon complex during human movements, it is important to observe the force as well as length changes in the muscle-tendon complex itself. One of our recent challenges has been to quantitatively determine the viscoelasticity of the muscle-tendon complex. This was examined by measuring the length change of fascicle and tendinous structures in the muscle-tendon complex during human movements in vivo. We have succeeded in determining the muscle architecture (length and angle of fascicle) and elongation of tendinous structures of human muscle in vivo during movements using B-mode real-time ultrasonography (Fukashiro et al., 1995a; Fukunaga, Ichinose, Ito, Kawakami, & Fukashiro, 1997; Kawakami, Ichinose, & Fukunaga, 1998) . This method was adapted to natural and complex human movements (Fukashiro, Kurokawa, Hay, & Nagano, 2005; Fukunaga, Kawakami, Kubo, & Kanehisa, 2002) .
Another challenge is to determine the force of the muscle-tendon complex during movements. Regarding the force measurement of the muscletendon complex, methodologies utilizing buckletype transducers (Fukashiro, Komi, Jarvinen, & Miyashita, 1995b; Komi, 2000) and optic fi bers (Finni, Komi, & Lepola, 2000) have been reported to date. Since there are ethical and technical problems associated with these methods, we have tried to investigate the force and length characteristics of the muscle-tendon complex using computer simulation. A Hill-type muscle-tendon complex model, which includes the force-length-velocity relationships of the contractile element and the force-length relationship of the elastic elements, was used to evaluate the force development and length change of the muscletendon complex (Nagano, Komura, & Fukashiro, 2004a , 2004b . Furthermore, the Hill-type model was applied to a human hopping motion (Nagano, Komura, & Fukashiro, 2003) .
The use of computer simulations in conjunction with noninvasive in vivo experiments has helped to expand our understanding of the muscletendon complex during movements. The purpose of this paper, therefore, was to review our recent studies of the biomechanical behavior of fascicle and tendinous structures during dynamic human movements.
Measuring the Muscle-Tendon Complex by Ultrasonography
The following ultrasound methodology was used to estimate the geometric arrangements of the muscletendon complex for the gastrocnemius medialis for a range of movements including jumping, walking, and ankle bending (Figure 1 ). During movement, the right side of each participant was fi lmed in the sagittal plane with a digital high-speed video camera at 200 frames·s -1 (MEMRECAMc 2 s, NAC, Tokyo). Simultaneously, vertical and fore-aft components of the ground reaction force, as well as the center of pressure of this force under the foot, were measured with a force platform (Type 9281B, Kistler Instrumente AG, Winterthur, Switzerland). After synchronization of kinematic and kinetic data, instantaneous net joint moments about the ankle and knee were calculated using inverse-dynamics (Fukashiro et al., 2005; Winter, 1990) .
A real-time B-mode ultrasonic apparatus (SSD-2000, Aloka, Tokyo) was used with an electronic linear array probe of 7.5 MHz wave frequency (UST 5710-7.5, Aloka) to obtain longitudinal ultrasonic images of the gastrocnemius medialis during movements ( Figure 1B ). Precision and linearity of the image were confi rmed beforehand by using acoustic standoff (model AC-2, ATS Laboratories, Bridgeport, CT) with pins stuck diagonally in the image and by comparing the distance between pins with the vertical distance between the echoes of the pins in the reconstructed image. The error observed at the superfi cial and deep areas of the image was the same (1.3%), and the distance measurement from the reconstructed image was considered reliable (Kawakami, Abe, & Fukunaga, 1993) . Regarding reproducibility, furthermore, measurements of fascicle lengths and angles were repeated three times on each ultrasonic image, and the average value of the three measurements was used to represent the image.
Coeffi cients of variation of the three measurements were in the range of 0-4% (Kurokawa et al., 2001) . The probe was fi xed onto the skin surface with a specially designed tool and elastic tape to prevent oscillation that may occur during movements ( Figure 1A ). The longitudinal ultrasonic images of the gastrocnemius medialis, which were synchronized with kinematic and kinetic data with a trigger controller, were consecutively stored into a personal computer. Surface electromyograms (EMG) were simultaneously recorded from the gastrocnemius medialis using bipolar Ag/AgCl electrodes (NEC Medical System, Tokyo) fi xed longitudinally over the muscle belly with an interelectrode distance of 2.5 cm ( Figure 1A , Fukashiro et al., 2005) .
The instantaneous length of the muscle-tendon complex of the gastrocnemius medialis (L muscle-tendon complex ), i.e., the distance between the origin and insertion, was calculated according to Grieve, Pheasant, and Cavanagh (1978) . The muscle-tendon complex was modeled such that two tendinous structures (distal and proximal components) were located on either side of fascicles with a fascicle angle ( Figure  1C ) (Allinger & Herzog, 1992) . The total length of the tendinous structure (L the tendinous structure (L Tendinous Structure the tendinous structure (L Tendinous Structure the tendinous structure (L ) was defi ned ) was defi ned as the sum of the length of the proximal and distal as the sum of the length of the proximal and distal components. The length of the tendinous structure was calculated with the following equation:
where L fascicle , α and L muscle-tendon complex are the fascicle length, fascicle angle, and muscle-tendon complex length, respectively. The force applied to the Achilles tendon was calculated as the quotient of plantar fl exing moment and the moment arm of the gastrocnemius medialis at the ankle. It was assumed that the relative contribution of the force developed by the gastrocnemius medialis to the Achilles tendon force was equal to the relative physiological cross-sectional area of the gastrocnemius medialis among all plantar fl exors (15.4% of the physiological cross-sectional area; Fukunaga, Roy, Shellock, Hodgson, & Edgerton, 1996) . The instantaneous tendon force generated by the gastrocnemius medialis (F tendon of gastrocnemius medialis ) and the force of the fascicles (F fascicles of gastrocnemius medialis ) were then calculated as 15.4% of the net force. The velocity of the muscle-tendon complex, fascicles, and tendinous structures was calculated by differentiating the corresponding length change value with respect to time.
Fascicle and Tendon Interaction During Human Movements
Using the above mentioned ultrasound method, we analyzed the muscle-tendon complex behavior during several human movements as follows. Kubo, Kanehisa, Takeshita, Kawakami, and Fukunaga (2000) investigated the dynamics of the muscle-tendon complex in the human gastrocnemius medialis during a repetitive stretch-shortening cycle, in which dorsifl exion was followed by plantar fl exion at relatively low frequencies (0.3 Hz and 1.0 Hz). Kawakami, Muraoka, Ito, Kanehisa, and Fukunaga (2002) examined the muscle-tendon complex behavior of the gastrocnemius medialis in a maximal stretch-shortening action in a supine position using a leg press machine (VR-4100, Cybex, Tokyo). Fukunaga, Kubo, Kawakami, et al. (2001) demonstrated the muscle-tendon complex behavior of the gastrocnemius medialis during walking. Kurokawa et al. (2001) examined the behavior of the muscle-tendon complex of the gastrocnemius medialis during squat jumping without countermedialis during squat jumping without countermovement. Fukunaga et al. (2002) summarized movement. Fukunaga et al. (2002) summarized that in human movements such as walking, ankle bending, and jumping, the muscle fi ber contracts at a nearly constant length, whereas the tendon performs a stretch-shortening cycle. These results indicate that the human muscle-tendon complex is designed to match the capacity of muscle to generate force and the elasticity of tendon to generate effi cient movement performance. However, the movements reviewed by Fukunaga et al. (2002) were mostly low intensity exercises. Because the elastic action of the muscle-tendon complex can be especially observed in high intensity exercises, we applied our techniques to dynamic movements with maximal effort. These included the squat jump without countermovement, the countermovement jump from a standing position, and the drop jump from a height of 0.20 m.
In a countermovement jump, as shown in Figure  2 , the muscle-tendon complex shortened rapidly just before takeoff, although the fascicle shortened while the tendinous structure was elongated in the previous phase. In other words, the fascicle contracted isometrically in the last phase of takeoff. The rapid shortening of the muscle-tendon complex in the last phase of takeoff depends on the shortening of the tendinous structure in the countermovement jump (Kurokawa, Fukunaga, Nagano, & Fukashiro, 2003) . This mechanism has been called a catapult action (Hof, Geelen, & van den Berg, 1983) . The observed behavior was completely in accordance with that of a squat jump (Kurokawa et al., 2001 ). On the other hand, in the drop jump, which is a much more dynamic movement, the muscle-tendon complex stretched and shortened during the fi rst and the last phase of takeoff, respectively (Figure 2 ). Since the fascicles shortened only slightly during the whole takeoff phase, the lengthening and shortening of the muscle-tendon complex was largely dependent on the properties of the tendinous structures.
The qualitative results of muscle-tendon complex behavior were in good agreement with previous experimental/simulation studies. In animal studies, Hoffer, Caputi, Pose, and Griffi ths (1989) and Griffi ths (1991) reported that the gastrocnemius medialis muscle fi ber continued to shorten when the active muscle-tendon complex was stretched during the stance phase of freely walking and trotting (i.e., involving stretch-shortening cycle) cats using sonomicrometry. Also, muscle fi ber shortening during stretch of the muscle-tendon complex has been observed using sonomicrometry in the m. lateral gastrocnemius of running turkeys during the stance phase (Roberts, Marsch, Weyand, & Taylor, 1997) .
Biewener, Konieczynski, and Baudinette (1998) demonstrated a small degree of initial muscle fi ber shortening at a low level of force, followed by a quasi-isometric contraction (i.e., muscle fi ber length change was less than 6% with respect to the resting length) in the m. lateral gastrocnemius of tammar wallabies as they hopped at different speeds on a treadmill. Furthermore, in a model calculation, Belli and Bosco (1992) found that the contractile element of the triceps surae muscle oscillated and mainly performed concentric work (shortening of contractile element) while the series elastic element of the triceps surae muscle was stretched due the downward movement of the body's center of mass during hopping. As described earlier, and Kubo et al. (2000) indicated that the muscle fi ber of the gastrocnemius medialis contracted quasi-isometrically during walking and the ankle stretch-shortening cycle movement, respectively.
The same behavior of muscle fi ber in triceps surae or gastrocnemius medialis has been computed during human hopping and walking (Hof et al., 1983; Voigt, Dyher-Poulesen, & Simonsen, 1998) . This sort of muscle fi ber behavior was referred to as concerted contraction, i.e., a contraction in which the activation is matched to the load so that the length of the contractile element remains constant (Hof et al., 1983) . This behavior of the fascicle could be explained by the mechanical properties of tendinous structures (Bennet, Ker, Dimery, & Alexander, 1986; Ker, 1981; Lieber, Leonard, Brown, & Trestik, 1991; Shadwick, 1990 ;): higher compliance of tendinous structures at low forces allows the fascicles to shorten, so that stretch of the muscle-tendon complex is taken up mainly by the tendinous structures.
In a dynamic stretch-shortening cycle, potential force storage of elastic energy decreases performance time. However, the mechanical work increases by the contribution of elastic energy. Fukashiro et al. (2005) presented quantitatively the amount of elastic energy stored in the muscle-tendon complex during drop jumping as follows: The 66% of the amount of elastic energy stored in the tendinous structures in the drop jump was derived from the mechanical energy change of the participant, and only 34% originated from the positive work done by the fascicles during the downward phase. In the following upward phase, 76% of the elastic energy stored in the tendinous structures was re-utilized, and this accounted for 75% of the amount of work done by the muscle-tendon complex. With regard to the re-utilization of stored elastic energy, it is advantageous for fascicles to generate higher force under the quasi-isometric condition, and to maintain relatively higher muscle stiffness during the upward phase. Under this condition, elastic energy can be re-utilized without dissipation during recoil of the tendinous structures.
Relationships of Muscle-Tendon Complex During Jumping
It is well known that the length of sarcomeres in vertebrate striated muscle infl uences the force that can be generated by that muscle fi ber (Gordon, Huxley, & Julian, 1966) . The force-length relationship is described as a convex curve, where the muscle fi bers operate at sarcomere lengths near the plateau of this theoretical curve, and where maximum tension can be realized (Cutts, 1988 (Cutts, , 1989 Hof et al., 1983; Walker & Schrodt, 1974) . Because of this phenomenon, force is developed more effectively during human walking, hopping, and a range of other daily activities. Figure 3 summarizes the relationship between the average sarcomere length and the fascicle's force during a squat jump, countermovement jump, and drop jump in comparison with the force-length relationship of the human muscle (Walker & Schrodt, 1974) . Sarcomere length during human movement was estimated by dividing the fascicle length by the average number of sarcomeres in series within the fascicle (Bobbert et al., 1986b ). While we did not directly measure sarcomere length, and therefore cannot prove our conclusions, we think it reasonable to assume a correlation between the fascicle force-length relationship and the sarcomere force-length relationship. For example, a rapid shortening of the fascicles would be caused by a rapid sarcomere shortening, with a concomitant shift to the left of the force-length curve (Fukashiro et al., 2005) . It was assumed that the fascicles might be fully activated during the time when the force generated by fascicles attains a peak value. It was also plausible that the gastrocnemius medialis muscle operates over the upper part of the ascending limb, since the peak force was shown to be about 80% in the three jumps. Kawakami, Kumagai, Huijung, Hijikata, and Fukunaga (2000) indicated by the ultrasound method that the gastrocnemius medialis and soleus operated over the plateau and upper part of ascending/ descending limbs of the force-length relationship during passive isometric plantar fl exion. But when the gastrocnemius medialis and soleus underwent a maximal isometric contraction, the position of the force-length curve shifted to the ascending limb because of the fi ber shortening. showed that the gastrocnemius medialis during natural human movement operates in the optimal area of the force-length relationship.
When comparing three types of jumps, the working range of fascicles (sarcomeres) in drop jump was found to be very narrow and slightly shifted to the left compared to the squat jump or countermovement jump. The narrow working range of sarcomeres in m. lateral gastrocnemius was also reported during wallaby hopping (Biewener et al., 1998) . Considering the results of Kawakami et al. (2000) , this condition in the drop jump is advantageous for muscle fi bers to generate relatively high force, which is required in order to accelerate the body center of gravity during the latter half of the pushoff phase, despite the slightly lower maximum force generation at the optimal length.
Based on the biomechanical analysis of jumping (Bobbert et al., 1986b) , it has been suggested that a further increase of vertical velocity of the mass center of the body during the late pushoff phase requires high mechanical power output of plantar fl exors. If high mechanical power cannot be supplied during the late pushoff phase, the mass center of the body will not be accelerated. This means that a relatively high shortening velocity of the muscle-tendon complex is needed to generate a large force in the gastrocnemius medialis as plantar fl exion occurs. Figure 4 shows the instantaneous force-velocity relationship of the muscle-tendon complex, fascicle, and tendinous structures in squat jump, countermovement jump, and drop jump. In each jumping movement, the fascicles worked in the relatively low-shortening velocity region (shaded area in Figure 4) . Especially during the late pushoff phase in these jumps, the fascicles generated force quasi-isometrically.
It is well documented that the force generated by muscle fi ber decreases with increasing shortening velocity in artifi cially activated animal muscle fi ber as well as voluntarily activated human muscle (Fenn & Marsh, 1935) . Therefore, working quasiisometrically would enable the fascicles to generate relatively high force according to the force-velocity relationship. On the other hand, the tendinous structures behave in the region from high-stretching velocity to high-shortening velocity. The quasi-isometric contraction of the fascicles can occur because the considerably rapid shortening of tendinous structures ensures that the net shortening velocity of the muscle-tendon complex is high. These conditions imply that the fascicles play a role in generating high force (i.e., force generator), and the tendinous structures create a high shortening velocity due to elastic recoil (i.e., velocity generator) to allow the muscle-tendon complex to generate high mechanical power during the late pushoff phase. ships during pushoff in squat, countermovement, and drop jumps. Average sarcomere lengths during pushoff in each jump were estimated by dividing fascicle length by number of sarcomeres (see Bobbert et al., 1986b) , and superimposed on a force-length relationship (thin line) for human muscle derived from the data of Walker and Schrodt (1974) . In these jumps the gastrocnemius medialis operated over the plateau and the upper part of both ascending and descending limbs of the sarcomere force-length relationship during pushoff. When the force generated by fascicles attained its peak, sarcomeres were operating at the length where they could generate about 80% of the force obtained at optimal sarcomere length.
Simulation Study of Series
Elastic Element Bobbert (2001) investigated the effects of the series elasticity compliance of the mm. triceps surae on a squat jump performance in a computer simulation study by systematically modifying the series elastic element compliance. It was found that jumping performance was highest when the series elastic element compliance was greatest. This result was basically consistent with the fi ndings of a preceding study by Pandy (1990) . Considering the insights obtained through these studies, it seems worthwhile to investigate the action of the muscletendon complex in explosive activities that involve a countermovement, with a special emphasis on the contribution of series elasticity. Bobbert, Gerritsen, Litjens, and van Soest (1996) compared two types of jumping motions: squat and countermovement jumps. In that setup the computer simulation model was directed to perform two distinct types of motions separately. It was found that jumping height was greater in the countermovement jump than in the squat jump by 3.4 cm. This difference was attributed to higher muscular force being developed in the countermovement jump compared to the squat jump before the start of the shortening of muscle fi bers. An effect of storage and reutilization of elastic energy was ruled out as a potential explanation.
This fi nding suggested the same basic mechanism of the action of the muscle-tendon complex reported by Avis, Toussaint, Huijing, and van Ingen Schenau (1986) as well as by Anderson and Pandy (1993) . However, in normal human activities, humans fi rst set up a goal of a motion (e.g., to reach as high as possible), implicitly choose the best strategy (e.g., countermovement jump), and then execute the most suitable form of motion in an optimal way. From this perspective, in computer modeling and simulation studies, it is more realistic to "tell" the computer simulation model the ultimate goal to be accomplished and then let the model choose the most suitable form of motion. This allows the model to freely choose whether or not to make a countermovement. In this way it may become possible to investigate why the existence (or non-existence) of a countermovement enhances the performance of explosive muscular activities. Nagano et al. (2004a) performed a computer simulation study on this topic. The two goals of the study were to (a) evaluate the effects of the series elasticity on an explosive activity that allows for making a countermovement, and (b) investigate whether or not a countermovement is automatically generated in the optimal explosive activity. A Hill-type muscle-tendon complex model, composed of a contractile and a series elastic element, was constructed ( Figure 5 ). The proximal end of the contractile element was affi xed to a point in the gravitational fi eld, and a massless supporting object was affi xed to the distal end of the series elastic element. A body was held on the supporting object.
The goal of this explosive activity was to raise the body as high as possible. Variations of series elastic element compliance were investigated within the physiological range. The best strategy was searched through numerical optimization for each value of series elastic element compliance ( Figures  6 and 7) . Two major fi ndings were obtained: (a) As the series elastic element elasticity increased, the maximal height reached by the body also increased, primarily because of the enhanced force production of the contractile element. (b) A countermovement was automatically generated for all values of series elastic element compliance. It was found that it is benefi cial to make a countermovement for this type of explosive activity, and the benefi t of making a countermovement increases as the compliance of the muscle-tendon complex increases.
Mechanical Effects of Length Ratio on Stretch-Shortening
Dimensional parameters such as cross-sectional area, fascicle length, and tendon length of a muscletendon complex have attracted the interests of many researchers (Burkholder & Lieber, 2001; Koo, Mak, & Hung, 2002; Lieber, 1992; Lieber & Friden, 2000; Zuurbier & Huijing, 1992) . This is because biomechanical function of the muscle-tendon complex is mostly determined by these parameters. Generally, a larger cross-sectional area of the contractile element is related to a higher tensile force development capability (Brown & Loeb, 2000a , 2000b Brown, Satoda, Richmond, & Loeb, 1998; Friederich & Brand, 1990; Kawakami et al., 2000) . Similarly, a greater length of the contractile element is related to a greater shortening capability (excursion and shortening velocity) (Abe, Brown, & Brechue, 1999; Edman, 1988; Hof, van Zandwijk, & Bobbert, 2002; Pandy, Zajac, Sim, & Levine, 1990) . Zajac (1989) has reported more detailed descriptions on dimensional properties that determine the functional capability of the muscle-tendon complex.
Behavior of the tendon during energy storage and release phases in stretch-shortening cycles is mostly determined by its compliance and length. Nagano et al. (2004b) . The muscle tendon complex model consisted of three elements: contractile, series elastic, and parallel elastic elements. Effects of pennation angle were also considered. The proximal end of the contractile element was affi xed to a point in the gravitational fi eld, and a massless supporting object was affi xed to the distal end of the series elastic element. A body was placed on the supporting object. Higher compliance as well as longer length results in more elastic behavior of the tendon. Based on experimental studies using animal specimens, it has been reported that the compliance of a tendon is typically such that approximately a 4% strain is observed when the maximal isometric force is developed by the muscle fi bers (Caldwell, 1995; Gerritsen, van den Bogert, Hulliger, & Zernicke, 1998) . Regarding the length of the tendon, there is a large variation in this value between different muscles, both in terms of absolute length (in meters) and relative length, i.e., relative to the muscle fi ber length (Friederich & Brand, 1990; Yamaguchi, Sawa, Morgan, Fessler, & Winters, 1990) .
More specifi cally, a muscle-tendon complex with a relatively long series elastic element will exhibit more elastic behavior as a whole, whereas a muscle-tendon complex with a relatively short series elastic element will exhibit less elastic behavior. In Nagano et al. (2004b) , effects of the length ratio between the series elastic element and the contractile element on the biomechanical behav-ior of the muscle-tendon complex were examined during a stretch-shortening cycle. The proximal end of the contractile element was affi xed to a point in the gravitational fi eld, and a supporting object was affi xed to the distal end of the series elastic element. A body was held on the supporting object. Initially the muscle-tendon complex was fi xed at a certain length, and the contractile element was activated at 100% (full activation).
Through this process, the contractile element shortened as much as the series elastic element was stretched (the total length remained constant). Thereafter, the supporting object was released. This caused the muscle-tendon complex to thrust the body upward, simulating a stretch-shortening cycle. Length ratio between the series elastic element and the contractile element, mass of the body, and initial length of the muscle-tendon complex were systematically modifi ed. As a result, the following were found: (a) When the load imposed on the muscle-tendon complex was small, a higher performance was obtained with a longer series elastic element. (b) When the load imposed on the muscle-tendon complex was large, a higher performance was obtained with a shorter series elastic element. These fi ndings were consistent with the insights obtained through examining the muscle tendon parameter data sets reported in preceding studies (Yamaguchi et al., 1990 ).
Simulation of Human Cyclic Heel-Raise Exercise
Biomechanical properties of components of the muscle-tendon complex have been translated into simple mathematical representations by many researchers. Several famous forms of mathematical representations have been published to date (Gielen, Oomens, Bovendeerd, Arts, & Janssen, 2000; Wu & Herzog, 1999; Zahalak & Ma, 1990) . Craib, Mitchell, Fields, et al. (1996) investigated the relationship between joint fl exibility and running economy of non-elite runners. Anderson and Pandy (1993) evaluated the mechanism of storage and utilization of elastic energy during jumping. Many other preceding studies focused on this issue have been published as well (Kubo, Kawakami, & Fukunaga, 1999; Kubo et al., 2000; Lieber, 1992) . Properties of the series elastic element greatly impact upon the generation of cyclic activities of musculoskeletal systems (Winters, 1990; Yamaguchi, 2001 ). As an extreme example, the oscillation frequency of a system composed of a rigid body and a linear spring is singularly determined by the mass of the rigid body and the stiffness of the spring. Therefore it is important to consider the properties of the series elastic element when studying cyclic activities of the musculoskeletal system. This has important implications for researchers in biomechanics, as many daily human activities are cyclic, for example walking and running. Several researchers have studied the behavior of the contractile element and series elastic element during cyclic activities of animals in vivo (Biewener et al., 1998; Roberts et al., 1997; Wilson, McGuigan, Su, & van den Bogert, 2001 ). Detailed direct measurements have been taken in these studies. Biewener et al. (1998) measured the muscle fi ber length and tendon force in hopping wallabies. They found that an increasing amount of strain energy stored within the hindlimb tendons is usefully recovered at faster steady hopping speeds without being dissipated by increased stretch of the muscle fi bers. Biewener et al. concluded that tendon elastic saving of energy is an important mechanism by which wallabies are able to hop at faster speeds with little increase in metabolic energy expenditure. Roberts et al. (1997) measured the muscle force and length change in running turkeys, from which they calculated the work output of the muscle and tendon. It was found that as running speed increased, contribution of the tendon in terms of positive work output increased. Roberts et al. concluded that muscles which act as active struts rather than working machines improve running economy.
These in vivo studies have made useful contributions to our understanding of the mechanism of animal locomotion. However, as discussed earlier, the oscillation frequency of a passive mass-spring system is singularly determined by the elastic property of the spring and the mass of the rigid body. This suggests that the behavior of the system that contains elasticity depends on its dimensional properties. Therefore it is not self-evidently correct to simply extrapolate/ interpolate the mechanisms of animal locomotion to those of humans. Although it is diffi cult to perform the same type of measurements on humans, the methodology of computer simulation can provide a great advantage for this problem. Using this methodology, it is possible to perform detailed analysis with a simulation model of the human body. Muscle and tendon force, length change, power and work outputs, and other biomechanical variables can be obtained by evaluating state variables of the model.
In Nagano et al. (2003) , contribution of series elasticity of the human mm. triceps surae in cyclic heel-raise exercise was examined using computer modeling and simulation. A two-dimensional skeletal model of the human body was developed. An upright posture was maintained throughout the simulation to prevent the model from falling. A mathematical representation of the mm. triceps surae was attached to the model. The muscle was activated by the neural activation input signal with a time resolution of 50 ms. Cyclic heel-raise exercise (similar to hopping, but without the feet leaving the ground) over a wide range of cycle durations was generated using an optimization approach.
The objective of the numerical optimization was to generate cyclic motions with as large a range of motion as possible. As a result, realistic heel-raise motions were generated. It was found that the contribution of series elasticity in positive mechanical work output of the muscle-tendon complex during the pushoff phase increased as motion frequency increased. Relatively higher muscle activation was found during the downward moving phase when motion frequency was higher. It is suggested that series elasticity plays a substantial role in the generation of cyclic human motions.
Reevaluating the Biomechanical Behavior of the Muscle-Tendon Complex
Through this review, it has been reconfi rmed that the viscoelastic characteristics of the muscletendon complex play an important role in stretch shortening cycles. It is generally accepted that the cross-bridge contains elasticity (Huxley & Simmons, 1971) , although its capability to store elastic energy might be substantially lower than that of tendinous structures (Alexander & Bennet-Clark, 1977; van Ingen Schenau, 1984) . Some researchers have explained the mechanism for the force/work enhancement by prestretch in relation to the elasticity in the cross-bridge (Bosco, Komi, & Ito, 1981; Cavagna & Citterio, 1974; Huxley & Simmons, 1971) . Recently, results of in vitro experiments have shown that there is considerable elasticity in the actin, and possibly the myosin fi laments (Higuchi, Yamada, & Goldman, 1995; Huxley, Stewart, Sosa, & Irving, 1994; Wakabayashi , Sugimoto, Tanaka, et al., 1994) . During jumping, however, our research has shown that fascicle lengthening does not occur at all (Fukashiro et al., 2005; Kurokawa et al., 2001; . Consequently, it is highly probable that the cross-bridge as a whole, and both actin and myosin fi laments separately, might be not capable of storing elastic energy. Recently Denoth, Stussi, Csucs, and Danuser (2002) developed a sophisticated computer simulation model of inter-sarcomere dynamics. The novel point of their paper is the accurate description of a muscle as a linear motor composed of parallel and series coupled subunits. Promising results were obtained regarding stretch-release contractions. It will be interesting to use this inter-sarcomere model as part of a macroscopic musculoskeletal model of the human body to reevaluate the mechanisms of human motions. As Denoth et al.'s model details dynamics at the sarcomere level, it is hoped that future research will build upon the knowledge gathered from the existing techniques that are summarized in this review.
It is common knowledge that the force generated by tetanized isolated muscle is enhanced by a stretch to values of up to 1.5 to 2 times the maximum isometric force (Bergel, Brown, Butler, & Zacks, 1972; Cavagna & Citterio, 1974; Cavagna, Dusman, & Margaria, 1968; Ettema, Huijing, van Ingen Schenau, & de Haan, 1990b; Ettema, van Soest, & Huijing, 1990a; Fenn, 1924; Flitney & Hirst, 1978; Haan, van Ingen Schenau, Ettema, Huijing, & Lodder, 1989; Harry, Ward, Heglund, Morgan, & McMahon, 1990 ). This feature is referred to as potentiation of the contractile machinery (Hill, 1970) .
The same enhancements have also been found in tetanized single muscle fi bers (Edman, Elzinga, & Noble, 1978 . The magnitude of potentiation has been demonstrated to increase with the velocity of stretch (Edman et al., 1978 (Edman et al., , 1982 and to decrease with the time period elapsed after stretch (Cavagna et al., 1968) . It has been suggested that the potentiation of contractile machinery might be induced by the straining of detached cross-bridges. This strain would somehow allow them to re-attach more rapidly than those not subjected to prestretch (Woledge & Curtin, 1993) . Also, there have been other possible explanations for force/work enhancement due to countermovement/prestretch.
Previous studies have shown that the prestretch triggers spinal refl exes (Dietz, Schmidtbleicher, & Noth, 1978) as well as long latency responses (Melvill Jones & Watt, 1971 ) which facilitate the neural input up to a supramaximal level during the concentric action of the muscle-tendon complex. During jumping, stretch of the fascicle (muscle fi ber) was not observed in the ultrasound measurements, nor was a short latency stretch refl ex component observed in the EMG data (Fukashiro et al., 2005; Kurokawa et al., 2001; Voigt et al., 1998) . However, in the ultrasound method, the possible role of stretch refl ex and potentiation related to tendon behavior was not examined and thus stretch refl ex and potentiation contributions to the results cannot be evaluated. Asmussen and Sørensen (1971) as well as many other researchers have suggested that a countermovement allows muscle fibers time to develop force and then cause the enhancement of maximum force/work output (Bobbert et al., 1996; Chapman & Sanderson, 1990; Jaric, Gavrilovic, & Ivancevic, 1985; Mungiole & Winter, 1990; Svantesson, Grimby, & Thomée, 1994; van Ingen Schenau, 1984) . Thomas, White, Sagar, and Davies (1987) showed that it takes 400 to 500 ms for maximal force generation to be seen in maximal isometric contraction of the ankle plantar fl exors. Also it takes 300 to 500 ms before force generated by muscle attains 90% of the maximal value in leg extension (Bobbert & van Ingen Schenau, 1990; Jaric et al., 1985; Komi, 1979) .
This can be partly explained by excitation and contraction dynamics of muscle fi ber, muscle fi ber type, series elastic compliance, and limitations in the rate at which the central nervous system generates a control signal (Bizzi, Accornero, Chapple, & Hogan, 1984; Caldwell, 1995; Hill, 1970; Huxley & Simmons, 1971; Winters, 1990) . If the concentric contraction starts with force generation, part of the excursion of the muscle-tendon complex is accomplished by submaximal force, and hence the work generated by the muscle-tendon complex is submaximal. This phenomenon can be avoided by allowing the muscle to build up to a maximum active state before the onset of the concentric action, either in an isometric contraction (Bobbert & Harlaar, 1993; Bobbert & van Ingen Schenau, 1990) or during a countermovement/ active prestretch.
Indeed, in our jumping study the relatively high active state of the m. gastrocnemius medialis, m. lateral gastrocnemius, and m. soleus was developed before the onset of concentric action, which in turn probably led to the considerably high peak forces that were approximately two times higher than in a squat jump (Kurokawa et al., 2001; . Hence this could increase the amount of elastic energy storage and reutilization in the tendinous structures during a drop jump. It can be said that the effect of the time available for force development might play a considerably important role in relation to the elastic energy storage and reutilization in the tendinous structures, which then contributes to the enhanced work during countermovement in drop jump.
Concluding Remarks
In this review, the role of the viscoelastic characteristics of the muscle-tendon complex in stretch shortening cycles has been discussed based on the research results obtained using ultrasound and computer simulation methods. These methodologies are powerful tools for evaluating quantitatively and theoretically the behavior of the muscle-tendon complex during movements. Using ultrasonography, it is possible to directly observe the actions of the muscle tendon complex in vivo. Detailed quantitative analysis can be performed off-line. Using computer simulation, it is possible to access numerous biomechanical variables that cannot be obtained through experimental procedures.
The research results reviewed in this paper have suggested that the fascicles play a role in generating high tensional force at relatively low shortening velocities, whereas the tendinous structures store and release energy at relatively high shortening velocities to allow the muscle-tendon complex to generate high mechanical power during stretch shortening movements. This combination is advantageous for the muscle tendon complex, as it results in higher power and work outputs during dynamic movements. Implementing more sophisticated models of muscle contraction dynamics may provide a greater understanding of this complex process in the future.
